Genomic structural variation (SV) is a major determinant for phenotypic variation.
Introduction
SVs, including deletions, insertions, and duplications, are a major contributor to genetic variation, are responsible for the majority of polymorphic nucleotide bases between individuals (Conrad et al. 2010b; Durbin et al. 2010; Sudmant et al. 2010; Mills et al. 2011) , and have an important influence on phenotypic diversity (Feuk et al. 2006 ).
Owing to inherent difficulties in their ascertainment, however, SVs have remained a relatively poorly understood form of genetic variation in comparison to SNPs.
While there has been a strong recent focus on the characterization of SVs in humans (Conrad et al. 2010b; Sudmant et al. 2010; Mills et al. 2011) , mapping common SVs in one of the most widely used model organisms in genetics -the fruit fly Drosophila melanogaster -has lagged further behind. A detailed map of Drosophila SVs would be of immense importance to a large body of genetics studies, by enabling the connection of polymorphic genome rearrangements to systematic phenotypic, functional and developmental data in a fashion inconceivable in humans or mammalian models. It would also shed light onto the frequency of SVs in natural populations, many of which have more resemblance, in terms of genetic diversity, population size, and population substructure, to Drosophila than to human populations. Two studies have recently made initial progress by using microarray-based approaches to provide a first glimpse of D. melanogaster SVs, reporting an abundance of SVs in the fly genome in surveys focusing on five and fifteen natural fly isolates, respectively (Dopman and Hartl 2007; Emerson et al. 2008) . Owing to constraints of the respective array technologies applied, these studies were limited towards relatively large variants (median SV size of ≥ 336 bp), were relatively insensitive to mobile element insertions that are difficult to identify by hybridization, and reported SV maps with approximate, rather than nucleotide resolution, breakpoint assignments. By comparison, next-generation DNA sequencing (NGS) based approaches enable mapping SVs across a widened size spectrum (from a few base pairs to Megabases in size), and enable the inference of breakpoints at nucleotide resolution (Mills et al. 2011 ), a crucial prerequisite for functional analyses 4 enable the construction of a more comprehensive, accurate SV map (Cridland and Thornton 2010) .
The DGRP project has recently generated deep sequence coverage (median coverage=18×) data for a panel of isogenic fly lines. These lines were inbred over twenty generations, yielding a set of isogenic strains distributed across various laboratories -creating an unprecedented community resource for the analysis of population genomics and quantitative traits in Drosophila melanogaster (Ayroles et al. 2009; Mackay et al. 2012) . While initial analyses of the DGRP sequencing data have yielded a wealth of SNPs, thus far no SV map has become available for this resource.
Here, we present the first highly accurate NGS based SV map in the fly, based on analyzing 39 lines from the DGRP. The high resolution of our map enabled us to perform in-depth analyses of SV formation mechanisms, and to assess the impact of SVs on functional elements and gene expression variation.
Results

A sequencing based map of structural variation in a Drosophila melanogaster population
We obtained deep sequencing data for 39 fly lines from the DRGP pilot dataset (Ayroles et al. 2009; Mackay et al. 2012) (Table 1) . These included 38 isogenic lines originating from a wild population, and, in addition, an isolate of the Berkeley strain used to assemble the current version (BDGP R5/dm3) of the fly reference genome (Adams et al. 2000) . We applied three complementary approaches for SV mapping (Methods): (1) paired-end mapping, based on identification and analysis of abnormally mapping reads pairs (RP) of size-selected DNA fragments (Tuzun et al. 2005; Korbel et al. 2007; Hormozdiari et al. 2009 ); (2) read-depth (RD) analysis, which detects SVs by analyzing the depth of sequencing coverage Yoon et al. 2009; Abyzov et al. 2011 ); and (3) split-read (SR) analysis, based on gapped or clipped alignments of short DNA sequencing reads (Mills et al. 2006; Ye et al. 2009 ). To capture SVs detectable through these complementary sequence signatures (RP, RD, and SR), and combinations thereof, we integrated the results from four SV discovery tools: Pindel ), CNVnator (Abyzov et al. 2011) , Genome STRiP , and DELLY (Rausch et al. 2012b) . Our approach, which parallels the SV discovery and genotyping strategy used in the 1000 Genomes Project (Mills et al. 2011) , is depicted in Figure 1 .
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We applied two steps to merge the SV calls in order to generate a non-redundant variant discovery set of SVs ≥ 50bp. First, we merged SV call sets separately for each method (a step not necessary for Genome STRiP, which already provides a merged SV call set).
Second, we merged SVs across all four methods based on precision-aware confidence intervals (Methods and Supplemental Text). To assure high confidence, we required each SV to be predicted by at least two methods -with the exception that we kept 283 deletion calls exclusively made by Genome STRiP, a population-based discovery tool that was shown to yield exceptionally high accuracy (False-Discovery Rate [FDR]<5% Mills et al. 2011) ). Owing to the nature of duplication calls made by DELLY and Pindel, our SV discovery set contained tandem duplications, but did not comprise dispersed duplications.
Altogether, we identified 8,962 deletions and 916 tandem duplications relative to the reference genome sequence, with sizes-ranges of 50-165,327 bp for deletions (median 178 bp), and 78-129,958 bp for duplications (median 2,111 bp) ( Fig. 2A tandem-duplications), we inferred breakpoints at nucleotide resolution, yielding the first genome-wide base pair resolution catalog of these SV forms in D. melanogaster.
Significantly fewer SVs per 500kb genomic window were identified on chromosome X compared to the autosomes (e.g., median 27 versus 38 for deletions; P=1.98×10 -9 ;
Wilcoxon rank-sum test; Fig. 2A and Supplemental Fig. 1A ,B), consistent with previous array-based studies (Dopman and Hartl 2007; Emerson et al. 2008) , possibly owing to hemizygosity in males uncovering the effects of recessive mutations (Crow and Kimura 1970; Dopman and Hartl 2007) . In addition, lower sequencing coverage on chromosome X may have contributed to this effect.
Altogether, 36% of the deletions and 54% of the tandem duplications were observed in only one line (Fig. 2C ). By comparison, 677 SVs were predicted in more than 30 samples, the vast majority of which (671) were inferred as deletions. Further analyses showed that most of these represented insertions of mobile elements into the reference genome, or deletions of DNA transposons present in the reference assembly, both of which we detected as deletions relative to the reference genome.
6 reevaluating the occurrence of SVs in all samples using criteria specifically adjusted in an SV locus-specific manner (Waszak et al. 2010; Handsaker et al. 2011 ). We performed deletion genotyping using Genome STRiP (based on RD and RP analysis) , and genotyped duplications using CopySeq (based on RD analysis) (Waszak et al. 2010) . For 3,459 of the 8,962 deletions, Genome STRiP inferred high-confidence genotypes in at least one sample (Supplemental Table 1 ). The remaining deletions were either too small, too repetitive, or covered by too few sequencing reads for Genome
STRiP to result in a high confidence genotype call (see Methods). For the majority of the genotyped regions (2834/3459, 82%) Genome STRiP generated homozygous deletion genotypes -as expected for lines undergoing several generations of inbreeding (Supplemental Table 1 ). We refer to this set as the deletion genotyping reference set. The remaining 18% failing to show homozygous deletions were removed from our genotype set; these comprised to a large extent regions difficult to assess with short read data owing to their high repeat content. Amongst the duplications, 505 (55%) were inferred to have a copy-number genotype of at least 4 (homozygous duplication) in at least one sample forming our tandem duplication genotyping reference set (Supplemental Table   1 ), with the remaining regions (i.e., predicted to have 3 copies or less in all samples)
comprising an abundance of repeat-rich and relatively small regions (median 580 bp).
Despite those filtering steps, the resulting SV genotyping sets displayed size distributions similar to the respective discovery sets (Supplemental Fig. 2A ). We further observed good agreement between the SV frequency spectrum of discovered and genotyped SVs, with the exception that mobile element-associated events were underrepresented in the genotyping set (Supplemental Fig. 2B ).
Extensive validation of SVs and comparison with a recent microarray-based study
We experimentally assessed the quality of our SV sets by performing extensive PCR and tiling-array based validation experiments. 104/110 PCR validation experiments, carried out in five fly lines, verified the respective SV predictions -with 82/87 of the deletions and 22/23 of the tandem duplications verified by PCR (Supplemental Table 1 ).
We also performed high-density tiling microarray-based validation experiments, using arrays densely covering the fly genome with 35 bp median oligonucleotide probe spacing. The arrays enabled us to assess 2,588 deletions and 263 tandem duplications in six randomly chosen samples (Figure 3 and Methods 
Comparison of SVs from wild isolated to that of laboratory fly strains
We further performed high-coverage (>30×) sequencing in three laboratory strains, one
Canton-S and two Oregon-R obtained from different laboratories, to examine their diversity and strain genetic relationships, and to compare their SV set to our DGRPbased SV map. Following sequencing, we genotyped deletions as well as tandem duplications and called SNPs in all three laboratory strains. 1,242 SVs (1,138 deletions and 104 tandem duplications) were genotyped at high confidence in at least one out of three, 1,083 of which were inferred in all three samples (Supplemental Table 2 ) -SV sets that can now be taken into account in research studies based on Canton-S and Oregon-R strains. Somewhat surprisingly, neither at the SV nor at the SNP level did we observe evidence for a higher genetic similarity of the Oregon-R-derived strains compared to the Canton-S-derived strain (Supplemental Table 3A ,B), a finding indicating that admixture or contamination events involving these may occur more often than currently appreciated. Furthermore, 770 deletions and 134 tandem duplications discovered in these three strains were not detected in the DGRP set (Supplemental Table 2 ), suggesting that these are either private to commonly used laboratory strains or display a low population frequency in the DRGP resource.
Analysis of SVs on a population scale -selection and linkage disequilibrium (LD)
We We also investigated patterns of linkage disequilibrium (LD) between SVs relative to those between SNPs. While relatively few SVs were found within close proximity to one another, relative to SNPs, the average LD between pairs of deletions and pairs of duplications appeared to similarly fall off to an r 2 value of ~0.03 within a few hundred base pairs, remaining at this level for more distantly spaced pairs (Supplemental Fig. 5 ).
This suggests similar LD properties for both of these distinct classes of genetic variation. Hence, on the basis of LD selection does not appear to act in profoundly different ways on SVs relative to SNPs.
The impact of SVs on genomic annotation
The high resolution of our SV map further enabled us to assess the functional impact of 9 our SVs in detail. To this end, we initially investigated functional impact by relating our SV map to genome annotation. Strikingly, a large number of deletions (562) affected protein-coding sequences, causing gene deletions or partial disruptions (Table 2; Supplemental Table 1 ). Using simulations, we observed a marked, 4-fold depletion of deletions overlapping coding sequences (P<0.0001; based on permutations), but no depletion for deletions overlapping UTRs or intronic sequences ( Fig Table 4A ). We noticed that SVs affecting genes involved in such functional categories typically involved relatively large deletions, often affecting multiple paralogous genes from one functional category (such as a deletion affecting the glutathione transferase genes GstE4, GstE5, and GstE6; Fig. 1B ). Nonetheless, even when limiting our analysis to those 521 deletions that deleted or disrupted only a single gene, we observed a significant enrichment of genes playing a role in interactions with the environment (i.e., coagulation/hemostasis; see Supplemental Table 4B ).
Similarly, we observed a depletion of tandem-duplications intersecting with coding sequences using simulations (P=0.0025; based on permutations; Fig Table 1 ) comprised several genes involved in environmental response, such as olfactory receptors genes (Supplemental Table 5 ).
We further identified 78 SVs leading to putative fusion genes. These included welldescribed gene fusions such as Or22a:Or22b (Turner et al. 2008; Aguade 2009 ), but also a number of previously undescribed gene fusions of potential functional relevance, for example, the antibacterial protein encoding gene homologues AttA and AttB ( Fig. 5C; Supplemental Table 6 ; Methods). Six out of 24 predicted gene fusions involving deletions led to gene hybrids comprising genes from the same gene family (Fig. 5C ),
i.e., spanning genomic regions with paralogous sequences of high sequence similarity that may allow for rearrangements mediated by non-allelic homologous recombination (NAHR). Indeed, further analyses of the SV breakpoint junctions led us to infer that 10 NAHR occurred during SV formation in 3/6 (see below), whereas one SV was formed by rearrangements in the absence of homology stretches occurring directly at the breakpoints, and for two our analysis was inconclusive. Using PCR, we verified 10/11 tested fusion genes at the DNA-level (Supplemental Table 6 ).
Association of SVs with Drosophila adult gene expression variation
We next assessed how these SVs affect gene expression, by performing expression quantitative trait locus (eQTL) mapping (Schlattl et al. 2011 ) relating mRNAmeasurements of fly genes, at a genome-wide level, to SVs in the vicinity of those genes. Thereby, we made use of previously published microarray-based adult gene expression data available for 9,454 genes across the 38 non-reference fly strains, for which both female and male fly expression data had been independently generated (Ayroles et al. 2009 ). We pursued eQTL mapping by determining pairwise rank correlation values between the expression value of genes and the presence or absence of SVs located in the surrounding (i.e., such within 50kb upstream or downstream of the annotated gene coordinates; see Methods). Using an FDR cutoff of 10%, we identified 79 and 52 deletion-associated eQTLs and 36 and 29 duplication-associated eQTLs, in males and females (Table 3 , Supplemental Table 7 ). The majority of SV-associated eQTLs agreed between males and females (Table 3) . One notable exception was Ser12,
with an established eQTL-association P-value 3×10 -7 for females versus 0.99 for males, which we observed to be paralleled by markedly higher Ser12 expression in femalesfindings that can be attributed to female-specific gene expression (Lawniczak and Begun 2007) .
In cases where SVs intersected with protein-coding regions, the relative changes in expression correlated with the gene copy-number alteration in most cases (Table 3) . As a notable exception, the expression of Cyp6a23, encoding a cytochrome P450 paralog mapped to a deletion-associated eQTL, displayed a marked negative correlation with the respective copy-number status of its partially intersecting deletion (i.e., samples harboring the deletion showed higher Cyp6a23 expression; Fig. 5C,D) . This deletion led to a gene fusion involving both Cyp6a23 and its paralog Cyp6a17 positioned upstream in tandem orientation (Fig. 5C) . Remarkably, the expression of Cyp6a17 was also statistically associated with this SV, showing the intuitively expected positive correlation with deletion status. Further examination of the fusion gene structure revealed that the fusion gene status can account for both the observed negative and 11 positive correlations for Cyp6a23 and Cyp6a17, respectively -with juxtaposition of the active Cyp6a17 promoter into the immediate vicinity of Cyp6a17 serving to explain the observed gene expression variation levels of both genes (Fig. 5C,D) .
Despite the observed correlation of copy-number and expression for SVs leading to gene disruption or duplication (Table 3) , implicating the respective SVs as causally involved, we reasoned that in many cases where SVs do not affect exonic sequence the actual causal variants may represent SNPs in LD (rather than the respective SVs). To further assess the contribution of SNPs we extended our eQTL analysis to SNPs (Supplemental Text). We observed SNPs displaying the same or a better association with expression for 91 out of the 129 eQTLs identified with FDR<5%, which suggests a possible contribution of SNPs in these loci. Conversely, this analysis yielded further strong support for a causal role of those 38 SV-associated eQTLs for which no such correlating SNP was observed (Supplemental Table 7 ).
Mechanisms of SV formation in the fly genome
We additionally used our SV map to evaluate the relative contribution of different molecular mechanisms leading to SV formation in Drosophila (Hastings et al. 2009; Onishi-Seebacher and Korbel 2011) . SV formation mechanisms were identified by scanning DNA sequences surrounding breakpoint junctions for specific diagnostic sequence signatures, using the BreakSeq formation mechanism analysis pipeline (Lam et al. 2010 ). The mechanisms we were able to distinguish (see Methods) include: (1) NAHR, associated with long sequence similarity stretches around the breakpoints; (2) rearrangements occurring in the absence of homology (here termed non-homologous rearrangements -NHR), involving non-homologous end-joining based DNA double strand repair (NHEJ) or microhomology-mediated break-induced replication (MMBIR);
(3) mobile element (ME) insertion and deletion events involving retrotransposons or DNA transposons; and (4) the shrinkage or expansion of variable number of tandem repeats (VNTR) by DNA replication slippage. Owing to our focused on deletions and tandem duplications, our study only detected MEs inserted into the reference genome (and absent in at least one of the DGRP samples), but did not identify MEs that were newly inserted into the DGRP samples.
We initially inferred the formation mechanism for 8204/8962 (91.5%) deletions with base pair resolution breakpoint information. (Mills et al. 2011 ). The observed differences may, in part, result from distinct genomic repeat-contents in Drosophila vs.
humans, with recent bursts of interspersed repeat insertion and segmental duplication were more extensively covered (Kidd et al. 2010) . Furthermore, differences in reference genome quality are expected to affect the fraction of NAHR events identified, since repeat/SD-rich regions are typically under-represented in imperfect genome assemblies (Bailey et al. 2004 ).
We further related SV formation mechanisms inferred by BreakSeq with SV size, and found that ME-associated events were on average significantly larger than SVs formed by any other mechanisms ( Fig. 6C; Supplemental Fig. 7A ,C,D), an observation explainable by the relatively large size of active transposable elements in D. melanogaster (~200 bp -10 kb). The ME size spectrum showed several characteristic peaks (Fig. 6C ) corresponding to different ME families. MEs that our survey observed most frequently included roo, Doc, 297, BS, copia, and Tirant, all of which were previously identified as active elements (Bergman and Bensasson 2007; Kofler et al. 2012 ).
Additionally, in contrast to the majority of deletions, ME-associated events were 13 typically inferred in a large number of samples (ME median: 37 samples versus overall median: 2 samples; Fig. 6D , Supplemental Fig. 7B ), suggesting that many may correspond to rare insertions into the D. melanogaster reference genome. Since we observed different SV frequencies for different formation mechanism classes, the distribution of formation mechanisms was different when assessing a single sample instead of the entire sample set (Fig. 6A, Supplemental Fig. 8 ). For instance, when limiting our analysis to a single sample, about half of the deletion predictions were inferred to be associated with MEs, accounting for over 75% of the affected bases, data in support of the recently reported substantial activity of MEs in Drosophila (Kofler et al. 2012 ).
We next analyzed the spatial distribution of deletions corresponding to the four different classes of SV formation mechanisms ( Additionally, most of the NAHR events were inferred on chromosome X and chromosome 2R (enrichment P-values of P<0.001 for chromosome X, P<0.01 for chromosome 2R, based on permutations). We further segmented the genome using a recently described statistical approach for SV hotspot detection (Mills et al. 2011) , and identified six hotspots of SV formation in the fly genome based on our deletion set, all of which were situated in relatively repeat-dense regions close to centromeres, and three of which were on chromosome 2R, causing a striking abundance of SVs near the chromosome 2R centromere (Supplemental Table 8 and Fig. 2A ).
We further sought for evidence of NHEJ and MMBIR among SVs classified as NHR based on additional sequence analysis, an analysis suggesting that the vast majority of non-homology associated SVs involved NHEJ (Supplemental Text and Supplemental Table 9 ).
We also inferred SV formation mechanisms for 903 tandem duplications for which breakpoints were determined at nucleotide resolution. Out of these, 14 were inferred to 14 be caused by homology-based rearrangements (NAHR), 8 likely involved VNTR expansion/shrinkage, 5 remained unclassified, and all remaining 876 (97%) were inferred to be formed in the absence of sequence homology (NHR). As for deletions, additional sequence analysis suggested that the non-homology associated tandem duplications involved NHEJ (Supplemental Text).
Discussion
The sequence data resource created by the DGRP provides the basis for advanced genetic studies in one of the most widely applied model genetics organisms. Using sequencing data from the DGRP we have generated the first high-resolution SV map in The nucleotide resolution of our data further facilitated the investigation of the relative distribution of mechanisms leading to SVs in the fly. While NHEJ corresponds to the most frequent formation mechanisms, more than half of all variable bases that we inferred relative to the reference genome involved mobile elements, which underscores the importance of transposable and retrotransposable elements in shaping the fly genome. We further demonstrated the utility of our genotyped resource for investigating genetic diversity within widely available laboratory strains, with results that may have implications for the interpretation of results from Drosophila research studies carried out in different laboratories.
Our study focused on the characterization of deletions and tandem duplications. Both are presumed to have a substantial impact on phenotypic diversity (Zhang et al. 2009 ), and they account for a large fraction of polymorphic genetic differences in flies (Emerson et al. 2008 ). Due to limitations in read length and the rather low accuracy of existing approaches inferring other SV classes in next-generation sequencing data (Mills et al. 2011 ) our study did not infer inversions, dispersed duplications, and non-reference transposable elements in the DGRP data. It is further of note that our resource contains a lower number of duplications than previous reports using microarrays (Emerson et al. 2008) , possibly owing to our strict focus on tandem duplications, and the conservative criteria we used for their ascertainment. We foresee that new DNA sequencing technologies, generating longer reads, and improvements of approaches will increase the genomic regions and SV classes accessible to analyses we described here, including regions with high repeat content that are presently difficult to ascertain with short DNA reads.
Despite these remaining limitations, we envision that our SV map will be of great value for the fly research community, further enhancing the utility of the DGRP resource (Mackay et al. 2012 ). The first dense set of SV genotypes in flies, described in this study, will facilitate genome-wide association studies beyond SV-associated eQTL mapping, performed by imputation or directly through relating SV genotypes to phenotypes (Craddock et al. 2010) , to enable the dissection of complex traits in a key genetics model organism (Ayroles et al. 2009 ). In addition, genetics and genomicsdriven analyses using our nucleotide resolution SV map will facilitate further investigations of the interplay of coding and non-coding functional elements in the fruit fly genome, including cis regulatory elements.
Methods
DNA sequencing, sequence data retrieval, and read mapping
Illumina paired-end sequencing data were obtained from the Drosophila melanogaster 
SV discovery
To discover deletions and tandem duplications we applied the SV detection methods DELLY (Rausch et al. 2012b) , Pindel 
SV merging and generation of the discovery set
To combine inferred SVs from the different methods, we first merged the predictions of all 39 samples (3 samples in case of the laboratory strains) for each method individually.
To do so, we defined confidence intervals around the breakpoints, according to the presumed resolution of breakpoint inference for each method as described in the Supplemental Text. To increase the positive predictive value we filtered out SVs that were predicted by a single method only, with the exception that we kept 283 deletion calls solely made by Genome STRiP (filtering steps are described in detail in the Supplemental Text).
SV genotyping
We used the genotyping module of Genome STRiP ) for deletion genotyping (genotyping based on pair-end and read-depth information). We required that the genotyping results passed the Genome STRiP internal filtering measures.
CopySeq (Waszak et al. 2010 ) was used for tandem duplication genotyping. Because of the expected homozygosity in the inbreed DRGP lines, we included only those SVs into the genotype set that harbored a homozygous deletion (or duplication) genotype in at least one sample.
PCR-based validations
PCRs were performed in 5 randomly picked fly lines, both on the selected sample as 17 well as a reference, as previously described (Rausch et al. 2012a ).
Whole-genome tiling array-based validations
We prepared whole-genome tiling arrays for six randomly picked DGRP lines as well as the reference strain. DNA was extracted and hybridized to Affymetrix GeneChip Drosophila Tiling 1.0R Arrays (probe annotation was mapped to the current reference genome build Dm3). For each probe, the raw intensity was determined. We normalized the intensities of each sample array according to the median intensity. Subsequently, for each of the six lines we obtained all SVs from the discovery set or genotyping set, respectively, that were fully overlapped by at least one oligonucleotide probe position, and computed the median log 2 intensity ratio between the sample and the reference for all probes falling into an SV. We excluded SVs for which the median probe intensity on the reference array was among the upper or lower 0.05-quantile of all reference array probe intensities, since outliers in terms of probe response may not be suitable for evaluating SV loci using a hybridization-based technique (those are presumably enriched for regions affected by probe cross-hybridization, or such lacking any response). For estimating the False-Discovery Rate (FDR) we compared the intensity log 2 ratios of each SV locus in question between samples inferred to harbor an SV (e.g., for deletions, mostly negative log 2 ratio were observed) and samples inferred not to harbor an SV (i.e., in these cases, a log 2 ratio centered at 0 was observed). We computed the median log 2 intensity ratio distribution of negative calls (SVs which were not predicted or negatively genotyped in a certain sample; see gray lines in Fig. 3A-D) and used the 0.05-quantile as a cutoff for assuming 'verification' of the SV. The 0.05-quantile was inferred based on the opposite, right tail of the distribution for deletions (positive log 2 -ratios), and the left tail for duplications (negative log 2 -ratios), to avoid possible biases in those "reference" distributions based on false negative SV calls. For both deletions and tandem duplications we estimated the FDR as the fraction of SVs not reaching the aforementioned cutoff. For the deletion discovery set we also included 3,704 inferred deletions that were not assessed by the arrays and for which the formation mechanism analysis inferred a mobile element movement event, assuming an FDR of 5% for these (corresponding to the PCR-based FDR assessment) and weighing the FDR according to the overall number of events falling into this SV class.
SNP calling
To identify SNPs we applied the Joint Genotyper for Inbred Lines (JGIL) (Stone 2012) to the set of DGRP as well as the laboratory strain samples (both sets were analyzed separately). The following parameters were used: Read mapping quality cutoff: 20; number of generation: 20. For this study, we ignored any site for which the JGIL inferred SNP quality was less than 20 and set to 'N' the genotype of any individual for which the SNP quality score was less than 20 or for which there were fewer than 3 reads covering the site. For population genetic analyses, we restricted our SNP set to variable sites inferred among the 38 lines of the DGRP.
Population Genetic Analyses
Tajima's D statistics were obtained with VariScan (Hutter et al. 2006) . We classified each mutation (SNP or SV) into distinct genomic compartments (intergenic, intronic, UTR, and coding) using FlyBase annotation version 5.40 (McQuilton et al. 2012) . To achieve robust estimates of the summary statistics for each genomic compartment, we used sliding windows covering 100 (in the case of SNPs) or 50 (in the case of SVs) nonoverlapping genomic variants. When analyzing SVs on individual chromosomes we shrank the window size to 30 variants and allowed the windows to overlap. To estimate the size of LD blocks between SNPs and between SVs, we calculated r 2 using VCFtools (Danecek et al. 2011 ).
Analysis of overlap between SVs and functional elements
Analyses of overlap between SVs and functional elements were performed based on protein-coding RefSeq genes obtained from the UCSC Genome Browser on January 9 th , 2012. Putative fusion genes were determined as pairs of genes where the start of an SV falls into the first gene and its end into the second gene. We furthermore required that both genes were on the same strand and that start and end of an SV overlapped exactly one gene each. The Gene Ontology (GO)-term enrichment analysis was performed using Ontologizer v2.1 software (Bauer et al. 2008 ).
Expression quantitative trait locus (eQTL) mapping
Mapping of eQTLs was pursued following the same principles used in a recent study relating SVs to gene expression variation in humans (Schlattl et al. 2011) . Expression measurements were compared to the SV status in a pair-wise fashion, across genic loci, by analysis of their pairwise Spearman correlation (Schlattl et al. 2011) 
SV formation mechanism analysis
SV formation mechanism inference was pursued with BreakSeq (Lam et al. 2010) .
Small template or non-template insertions (micro-insertions) were inferred using DELLY and Pindel. To infer their origin, sequences were mapped to the Drosophila melanogaster reference genome using BLAST (Altschul et al. 1990 ). Only sequences with a unique perfect match were considered for further analysis.
Statistical analyses and figures
Statistical analyses were performed using the software environment R v2. 
Data Access
The whole-genome tiling array data of the validation experiments has been submitted to the EBI ArrayExpress Archive (http://www.ebi.ac.uk/arrayexpress/) under accession number E-MTAB-1105. The sequencing data of the three laboratory strain samples has been submitted to the Sequence Read Archive (SRA) of the EBI European Nucleotide Archive (ENA; http://www.ebi.ac.uk/ena/) under accession number ERP001387.
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Award (1 F32 GM100635-01). ). A number of mobile elements were only present in the reference genome and were hence detected as deletions in the majority of samples. (E) Size distribution of micro homologies and micro insertions at deletion break points.
Figure Legends
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